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Abstract 
The response of structural concrete elements under extremely short duration dynamic loads is of great concern 
nowadays. The most prevailing method to this problem is based on SDOF simplification. It is well known that the 
SDOF model can reliably predict the overall structural component response if the response follows predominantly a 
predefined damage mode such as shear or flexural mode. However, it cannot reliably predict localized failure of 
structures. Moreover, reliable deflection shape and damage criterion, which are critical for developing the equivalent 
SDOF model, are difficult to define. Therefore, although most design and analysis are still based on SDOF approach, 
more and more analyses are conducted with detailed Finite Element (FE) modelling. However, due to the short time 
duration as well as the huge loading magnitude, it is extremely difficult and time consuming to perform FE structural 
response analysis to blast loads, even with modern computer power. 
In this paper, a numerical approach, which substantially reduces the modelling and computational effort in analysing 
structural responses to blast load, is presented. Based on the short duration of blast load, the structural response is 
divided into two parts: forced vibration phase and free vibration phase. In the proposed method, the response during 
the forced vibration phase is approximately solved using the SDOF approach. Using the estimated response quantities 
at the end of the forced vibration phase as the initial conditions, a detail FE model in LS-DYNA is established and 
free vibration response is solved. This approach, while yielding reasonably accurate response calculations, 
substantially reduces the modelling and computational effort. To demonstrate the method, a reinforced concrete beam 
is analysed using both the conventional detailed FE modelling and the proposed approach. Comparisons of the 
numerical results from the two methods demonstrate the reliability of the proposed method. Compared to the detailed 
FE modelling, the proposed method requires only a rather coarse FE mesh, and can use a larger integration time step 
for free vibration calculations. Therefore, it requires less than 5% of the computational time to predict the structural 
responses as compared to the detailed FE modelling approach. 
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1. INTRODUCTION
Structural response under explosive load is a major concern in structural engineering. Intensive studies 
have been conducting for some time. Historically the research was mainly focused on the dynamic 
response and durability of military facilities. Nowadays due to the enhancing threats from terrorist 
activities, more attention has been given to the performance of civilian structures under extreme loading 
conditions.  
The methodologies available nowadays can be mainly classified into three categories: experimental, 
theoretical and numerical. Experimental studies, no matter they are full-scale structures, scaled model 
structures or structural components, can provide a wealth of useful data. But the experimental tests are 
always expensive and dangerous. Theoretical studies which are usually based on idealized models such as 
the Elastic plate theory, Timoshenko beam model and SDOF model, can provide valuable information for 
locating the damage and establishing damage criteria for structural components. But the theoretical 
analyses often could not capture the complex blast loading and structural conditions in a real situation. 
With the development of computer technology, numerical simulations have been becoming more and 
more popular in modelling structural responses to blast loads.  
It is observed that most numerical simulations are complex and time consuming, as the structural 
response to blast loadings involves large dynamic and plastic deformation of structures. Recently, a lot of 
relevant research concerning the blast induced structural response has been conducted with numerical 
simulations. The structural components such as the beams, columns and plates (Xu and Lu 2006; Shi et al. 
2007), and the whole structures (Luccioni et al. 2004) have been simulated and studied.  
However, due to the extremely short blast loading duration and large blast loading amplitude, very 
small element sizes must be used to convert the blast energy into the structure in numerical simulations. 
As a result, it usually results in huge FE models and long analysis time in numerical simulation of 
structure response to blast loads. When it comes to the analysis of the whole structure response to the 
blast loads, it is often impossible to conduct the conventional Finite Element analysis of the structure in 
practice due to the limited computational resource and time.  
Recently, an innovative approach was proposed to analyse structural response to blast loadings (Hao 
2010). In that approach, the structural response is calculated in two steps. In the first step, the forced-
response is calculated approximately using the traditional equivalent SDOF approach. The velocity 
response at the end of the first step is then used as the initial conditions in the second-step free vibration 
analysis to predict structural response and damage. It was found that with less than 10% computational 
time, the proposed method gives reasonably accurate predictions of RC beam responses to blast loads, 
especially when the response is flexural response dominate (Hao 2010). The prediction of the shear stress 
in link-reinforcement bars near the supports is, however, less accurate. It is believed that the shear stress 
near the structural supports is sensitive to structural displacement. Neglecting the displacement response 
at the end of the forced-vibration phase in the previous study (Hao 2010) is believed to cause the less 
reliable predictions of the shear stresses in the link reinforcements.  
In this paper, in order to overcome the above problem, an improved approach as the one reported by 
Hao (2010) is proposed. Compared to the approach reported by Hao (2010), the new method includes 
both the displacement and velocity at the end of the first-step forced-vibration phase as the initial 
conditions in the second-step free vibration analysis. To demonstrate the proposed method, a simply 
supported beam is modelled with the conventional FE approach, and with the proposed method. The 
results obtained from the detailed FE modelling are used as the benchmark to check the reliability of the 
proposed method. It is demonstrated that the proposed method, with substantially less computing time, 
gives reliable predictions of the beam responses to blast loadings as compared to the traditional FE 
approach.   
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2. NUMERICAL MODELLING WITH ANSYS 
In this paper, a simply-supported RC beam is used to demonstrate the proposed method. The structural 
beam has a rectangular cross section with four longitudinal reinforcement bars. Stirrup reinforcements are 
placed along the beam with a constant space. The dimensions of the beam are shown below in Figure 1. 
Figure 1: Beam dimensions 
Concrete is modelled with isotropic solid elements and reinforcement bars are modelled with beam 
elements. Perfect bond between concrete and reinforcements are assumed in the model. Numerical 
convergence tests were carried out to determine the element size. The results, which are not shown here, 
indicate that decreasing the mesh size further than 25 millimetres has little effect on the numerical results. 
According to this, an element size of 20mm is chosen for the detailed FE modelling in the study.  
An 80mm length on each end of the beam is assumed to rest on a rigid support to simulate simply-
supported conditions. Nodes on the beam bottom surface in this range are constrained for horizontal 
translational movements, but free to rotate and move in the vertical direction in the simulation..   
3. MATERIAL MODEL  
In this study, material model 72Rel3 (MAT CONCRETE DAMAGE REL3) in LS-DYNA is chosen to 
model concrete material. This model was proven yielding reliable predictions of the blast induced 
concrete structural response. The only parameter needed is the unconfined compressive strength of the 
concrete, which can be easily derived from the experimental test. 
Table 1: Concrete Material Properties 
Material LS-DYNA MODEL Input Parameters Magnitude 
Concrete MAT _CONCRETE_DAMAGE_REL3 
Mass density 2400 kg/m3
Uniaxial compressive strength 40 MPa 
Poisson's ratio 0.2 
Uniaxial tensile strength 5.0 MPa 
Principal failure strain 0.9 
Material model 24 (MAT PIECEWISE LINEAR PLASTICITY) is chosen to model both the 
longitudinal and stirrup steel. This material model allows the user to input a stress strain curve. The 
material properties of the steel used in the simulation is given in Table 2. 
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Table 2: Steel Material Properties 
Material LS-DYNA MODEL Input Parameters Magnitude 
Steel (for longitudinal 
reinforcement and 
transverse stirrup 
reinforcement) 
MAT_PIECEWISE_LINEAR_ 
PLASTICITY 
Mass density 7800 kg/m3
Young's Modulus 200 GPa 
Poisson's ratio 0.3 
Yield stress 550 MPa 
Failure plastic strain 0.12 
Besides the above properties, the strain rate effect is taken into consideration. It is known that, due to 
the strain rate effect, mechanical properties of materials such as the concrete and steel under impulsive 
loading differ from those under quasi-static conditions. Such influence on the compressive and tensile 
strength of concrete and steel is defined by a Dynamic Increase Factor (DIF). According to the empirical 
function provided by CEB-FIP Model Code 1990 and Malvar (1998), DIF for the concrete and steel used 
in this study are shown in Figure 2. 
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Figure 2: DIF of concrete and steel versus strain rate  
4. SIMPLIFIED ANALYSIS MODEL 
In this study, the blast load is simplified as a triangular pulse that has the form as follows: 
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where dt is the blast duration and 0p is the initial peak pressure of the blast load. 
According to Biggs (1964), by following certain deformation shape the simply-supported beam can be 
simplified into a SDOF system as shown in Figure 3.     
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Figure 3: Simply-supported beam and its SDOF system 
       
Figure 4: Elastic shape ; Figure 5: Plastic shape 
Figure 4 and Figure 5 illustrate the two main response shapes commonly used in practice. They are 
also used in the present study to approximate the deflection shape of the beam. The normalized shape 
functions for these two shapes are     
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The equivalent mass, stiffness and load for the SDOF system can then be calculated as follows: 
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where k is the stiffness of the beam with respect to the deflection at the mid span under the given 
loading conditions. 
Under the triangular load, the response of a SDOF system can be straightforwardly derived as:  
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where y and 
x
y are the displacement and velocity response, Pe0 is the equivalent maximum force, nZ is
the natural vibration frequency of the equivalent SDOF system;  
The maximum displacement and velocity response at the end of the forced vibration phase can be 
calculated by Eqs (5) and (6) by letting t=td. The displacement and velocity profiles of the entire beam are 
then obtained according to the assumed deformation shape shown in Figure 4 and 5. These displacement 
and velocity profiles of the beam are considered as the initial conditions of the beam in the second step 
free vibration analysis. In the second step free vibration analysis, larger element mesh can be used. This 
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will result in substantially less computer memory requirement and computational time. It should be noted 
that in the previous study by Hao (2010) the displacement is assumed to be zero in the second step free 
vibration analysis because the displacement at the end of the first stage is very small owing to the very 
short blast loading duration, and also because it is not straightforward to add initial displacement in the 
FE model in the free vibration analysis. However, it was found that this simplification resulted in 
relatively inaccurate predictions of the stirrup stress near the supports. In this study, both the displacement 
and velocity at the end of the forced vibration phase are considered in the free vibration analysis. The 
influence of the initial displacement response on simulation accuracy is discussed.   
5. NUMERICAL SIMULATIONS WITH LS-DYNA 
In the simplified free vibration simulation, larger element size can be used. In this study, the element 
size of 40 mm is chosen because the concrete cover depth is 40 mm. In practical application, it is believed 
that an element size larger than 40 mm will result in similar simulation results. This, however, is not 
verified in the present study, but will be done in the near future. To compare the response between the 
detailed FE model simulation and the simplified numerical method, gauge points A, B and C on the 
reinforcement bars are selected in LS-PREPOST to read the stress time-histories. Figure 6 shows the 
locations of these points.  
                                  B                                                                                                                          
                                               
       Figure 6: Gauge points on reinforcement bars  
Point A and B are selected for the stirrup stress recording and point C is for the velocity, displacement 
and longitudinal stress response.  
5.1. Case study with improved method and results discussion  
Using Eqs (5) and (6), the maximum displacement and velocity of the beam at the end of the forced 
vibration phase, i.e., at t=td, can be easily calculated. The displacement and velocity profiles of the beam 
can be obtained according to the predefined deformation shape functions ( )xI   defined by Eqs. (2) and 
(3) respectively for elastic and plastic deformation assumption. These displacement and velocity are 
implemented in the FE model of the beam in the second step free vibration analysis as the initial 
conditions. To demonstrate the validity of the proposed method, a series of simulations are carried out by 
using the detailed FE model simulation and the proposed method with varying blast loading amplitude 
and duration. Some of the results are presented in the following sections. 
5.1.1.   5MPa blast load case study 
Assuming the triangular blast load has the peak reflected pressure 5 MPa and duration 2.44msec, 
which gives the ratio of blast loading duration to natural vibration period of the beam td/T=0.1 
(T=24.4ms), responses of the example beam are calculated with the two approaches. Figure 7 shows the 
results, in which ‘bench mark’ is the results from detailed FE modelling, ‘elastic’ and ‘plastic’ indicate 
the corresponding results obtained by using the proposed method with elastic and plastic deformation 
A
C
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shape assumption but without including the displacement profile as the initial displacement in the free 
vibration analysis, ‘including displacement’ are the results obtained with the proposed method, elastic 
deformation shape assumption is utilized for comparison, and both the displacement and velocity profile 
as the initial condition in the second step free vibration analysis.   
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Figure 7: Results from 5MPa peak blast pressure and td/T=0.1  
As shown, the proposed method and the detailed FE model simulation give similar predictions of the 
displacement, velocity and stress in the longitudinal reinforcement at the mid span of the beam. With or 
without including the displacement profile as the initial condition in the free vibration analysis results in 
almost the same predictions, indicating the displacement response at t=td is very small and has 
insignificant influence on the beam responses at the mid span. However, as shown in Figure 7d, the 
proposed method does not yield good predictions of the stresses in the stirrup reinforcement bars. If only 
the initial velocity is considered, the proposed method underestimates the peak stress in the stirrup 
reinforcement bars by 39% and 46%, respectively for the case with the plastic and elastic deformation 
shape assumption. If displacement profile is also included, the proposed method overestimates the peak 
stirrup stress by 27%. These observations indicate again the stirrup stress is very sensitive to the 
displacement response as reported in Hao (2010). Therefore, an accurate estimation of the displacement 
response at t=td is essential for an accurate prediction of the stirrup stresses with the proposed method.   
5.1.2.   Varying the blast loading duration  
The beam response mode is highly dependent on the ratio td/T, when td/T is small, the response and 
failure of the beam will be shear response mode governed, whereas it is flexural response dominant when 
td/T is relatively large. To investigate the reliability of the proposed method in predicting the beam 
responses at different td/T, a large number of simulations are carried out by varying the blast loading 
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duration td. Numerical results from the detailed FE simulation and the proposed method are compared. 
The error between the bench mark results and the results obtained with the proposed method is defined as: 
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Figure 8: Errors for 5MPa blast pressure  
As shown, the proposed method in general underestimates the beam responses. The error in predicted 
displacement and velocity response increases with the td/T ratio. When the td/T ratio is smaller than 0.1, 
the proposed method gives good estimations of the displacement and velocity response with errors are 
less than 20%. When the td/T ratio is larger than 0.1, the error increases quickly with the td/T ratio. At 
td/T=0.5, i.e., the blast loading duration is half of the fundamental vibration period of the beam, the error 
in predicted displacement response is about 90% if the initial displacement is not considered, or about 
70% if the initial displacement is included in the second step free vibration analysis.  The corresponding 
error in predicted velocity response is about 50% or 45% if the initial displacement is included. These 
observations indicate that the displacement and velocity response can be reliably predicted when the td/T
ratio is small. However, opposite trends are observed in the predicted stresses. The error decreases with 
the td/T ratio. At td/T=0.01, the largest error in the predicted longitudinal reinforcement stress is about 
55% or 30% if the initial displacement is included, and the largest error in the stirrup stress is about 80%. 
When td/T=0.5, the error in the predicted longitudinal stress is less than 5%, and that in the predicted 
stirrup stress is also less than 5% if the initial displacement is included in the free vibration calculation, 
otherwise it is about 20%. The reason that large errors in the predicted reinforcement stress at small td/T
might be attributed to stress wave propagation in the beam.  When the blast loading duration is very short, 
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the overall dynamic response of the beam is insignificant, hence the induced stress wave propagation in 
the beam becomes an important source of generating stresses in the reinforcement bars.  
6. SIMULATION TIME 
The detailed FE model simulation time is about 1 to 1.5 hour depending on the blast loading duration, 
whereas the simulation time of the proposed method is about 3 minutes if the initial displacement is not 
included, or 4 to 5 minutes by including the initial displacement. The time saving is over 90%. It is 
expected that more savings can be achieved when the structural model is larger. This saving is substantial 
in practice. Moreover, in view of the many uncertainties in predicting the blast loadings and reliable 
modelling of structural parameters and damage, the prediction error of less than 100% is usually 
acceptable in practical application. In view of these, the proposed method has a great application potential.    
7. CONCLUSIONS 
This paper presents a numerical method to predict structural responses to blast loads. It demonstrated 
that the proposed method with more than 90% savings in computational time, yields reasonable 
predictions of structural responses. The proposed method has great potentials for application in practice to 
model responses of large structures to blast loadings.  
ACKNOWLEDGMENTS 
The authors would like to thank Australian Research Council for financial support under grant No. 
DP1096439. The first author would also like to thank China Scholarship Council and the University of 
Western Australia (UWA) for providing scholarship to pursue PhD study in UWA.  
References 
[1] Biggs JM (1964).  Introduction to structural dynamics. McGraw-Hill, New York, USA. 
[2] Hao H (2010). A Simple Numerical Approach to Predict Structure Responses to Blast Loading, Proceedings, 1st International 
Conference of protective Structures, 29 Sept-1Oct., Manchester, UK,  
[3] Luccioni BM, Ambrosini RD and Danesi RF (2004). Analysis of building collapse under blast loads, Engineering Structures, 
Vol. 26, pp. 63-71. 
[4] Ma GW and Ye ZQ (2007). Energy Absorbtion of double-layer foam cladding for blast alleviation. International Journal of 
Impact Engineering. Vol. 34, pp. 329-347.  
[5] Malvar LJ (1998). Review of static and dynamic properties of steel reinforcing bars, ACI Materials Journal, Vol. 95, pp. 
609-616. 
[6] Malvar LJ and Ross CA (1998). Review of strain rate effects for concrete in tension, ACI Materials Journal, Vol. 95, pp. 
735-739. 
[7] Mendis P, Ngo T, Gupta A and Ramsay J (2007). Blast Loading and Blast Effects on Structures – An Overview, EJSE 
Special Issue: Loading on Structures, pp76-91.  
[8] Shi YC, Hao H and Li ZX (2007). Numerical simulation of blast wave interaction with structure columns, International 
Journal of Shock Waves, Vol. 17, pp. 113-133. 
[9] Shi YC, Hao H and Li ZX (2008). Numerical derivation of pressure-impulse diagrams for prediction of RC column damage 
to blast loads, International Journal of Impact Engineering, Vol. 35, pp. 1213-1227. 
